Dendritic cells (DCs) are important antigen-presenting cells of innate immune system. Their main function is to take up antigen and present it to T-cells to active adaptive immune response. The cytoskeletal proteins of the DCs not only maintain the morphology of DCs, but also are associated with the maturation and function of DCs. Additionally, rearrangement of cytoskeletal proteins is associated with viral infection in DCs. Regulating the specific cytoskeletal proteins of DCs would be a potential therapeutic strategy for preventing viral infection. Thus, the role of cytoskeletal proteins of DCs in immune response and viral infections were reviewed.
Introduction
Dendritic cells (DCs) are important antigen-presenting cells of innate immune system. They play a key role in the initiation of immunity by recognizing and integrating signals from a wide range of pathogens. DCs are distributed throughout the body and their main function is the uptake of self and/or foreign antigens. During this process, immature DCs become mature and induce drastic changes in the gene expression, protein synthesis, and surface transport. These processes allow DCs to gain the capability to migrate and uptake antigen [1] . Following antigen uptake, DCs migrate to the T-cell areas of the lymph nodes [2] in order to present antigen-derived peptides in the context of the major histocompatibility complex (MHC) molecules to induce antigen-specific T-cell activation [1] . The majority of functional hallmarks of DCs are tightly regulated by the cytoskeletal proteins, which promote the cell polarization and intracellular redistribution of proteins and organelles to aid the migration of DCs and their activation [3] . Recently, certain studies reported that the cytoskeletal proteins of DCs participate in the immune response and viral infection by regulating the function of DCs. Herein, we reviewed the role of cytoskeletal proteins of DCs in the immune response and the viral infection.
The F-actin of DCs and Immune Response
Cytoskeletal proteins form a complex network that is distributed throughout the cytoplasm, from the nucleus to the plasma membrane. They are classified into three main proteins including microfilaments, intermediate filaments and microtubules. Microfilaments are composed of linear polymers of G-actin proteins namely, myosin and F-actin filaments, and are controlled by the Rho family of small GTPbinding proteins, such as Rho, Rac, Cdc42, WASP/N-WASP/WAVE, the ARP2/3 complex, and the formin family of actin-binding proteins [4] [5] [6] . The function of the microfilaments is associated with the maintenance of the cell-shape, cell migration, and the redistribution of molecular signalling. Beside microfilaments, intermediate filaments are also responsible for the maintenance of cell-shape and organization of internal tridimensional structure of the cell. And they participate in certain cell-cell adhesion and cell-matrix junctions. Microtubules comprise thirteen protofilaments. They possess a dynamic behaviour via their binding to GTP for polymerization and their organization by the centrosome. The role of cytoskeletal proteins in the cells can be summarized as follows (1) These proteins are responsible for cell shape and form specialized structures, such as flagella, cilia, lamellipodia and podosomes. (2) They are required for cell-cell contact and are associated with extracellular connective tissue and other cells in order to stabilize certain tissues [7] . The cytoskeleton can also actively contract, thereby deforming the cell and the cell environment and allowing cells to migrate [3, 8] . (3) Moreover, cytoskeletal proteins are involved in a multitude of cell signalling pathways [9, 10] cytokinesis secretion [3, 11] and intracellular transportation.
The cytoskeletal proteins of DCs not only maintain the morphology of DCs, but also affect DC maturation, which determines the immune activation or the immune tolerance. Immature DCs are induced to be mature to express high levels of the markers CD80, CD86 and CD83 on their surface. And their morphology change to stretch dendritic spines, which are suggested to play an important role in synaptic plasticity. Dendritic spines contain a high concentration of actin [12, 13] , which plays a central role in supporting cell motility, morphological changes, antigen uptake and immunological synapse formation between DCs and T-cells. The polymerization of actin filaments (F-actin) is most likely involved in the spinal shape changes in order to sustain the function and biological state of the dendritic cells ( Figure 1A ). If the arrangement of F-actin is disrupted, DC became round with short dendrites, and lost the ability to become mature [14] . 
Antigen uptake requires F-actin
The function of DCs requires actin organization. During the process of uptake antigen, F-actin in DCs plays a role in the expression and accumulation of cell surface molecules that are required to recognize antigens and facilitate their endocytosis. DCs are important APCs that recognize antigens and facilitate their uptake. During this process, actin polymerization generates force in order to affect the internalization of plasma membrane vesicles, which contain the antigens. A large amount of F-actin accumulates at the cell surface to promote macropinocytosis and phagocytosis [15, 16] . Meanwhile, DCs become mature, and substantial actin cytoskeleton rearrangement lead to shut down the endocytosis of soluble antigens and enhance the transportation of vesicles to cell surface [17, 18] . The internalized vesicles are transported along actin to antigen-processing compartments and are loaded on MHC molecules that promote consecutive surface transport for T-cell activation [17, 19, 20] .
F-actin of DCs and adaptive immune response
Previous reports have shown that F-actin played at least two crucial roles in immune response. Firstly, actin cytoskeleton rearrangement promotes an immunological synapse formation to organize the distinct supermolecular activation clusters at the contact between DCs and Tcells [21, 22] . The immunological synapse (IS) is a platform, where various molecules cluster at the interface of T-cells and DCs. The Factin provides the essential support for the platform on the DC side of the synapse [23] . The accumulated F-actin at the IS sustains the stable contact between the DC and the T-cell, which results in T-cell activation [24, 25] . Conversely, T-cells are not susceptible to activation in case of the presence of a large amount of F-actin filaments that are occupied for the immune response [24] . Secondly, F-actin acts as a scaffold to sustain signalling pathway molecules, which are important for cell-activation and migration [26] [27] [28] . In addition, the actin cytoskeleton can modulate the Ca +2 influx by controlling the spatial and temporal distribution of Ca +2 sources and sinks [29] [30] [31] , which might further influence the activation and maturation of DCs and affect DC-T cell contact and T-cell activation.
Regulators of F-actin in DCs
The activation and redistribution of F-actin is regulated by calcium signaling, adhesion molecules [32, 33] and actin-budling proteins. Fascin-1, an actin-budling protein that regulates F-actin, is solely expressed in mature DCs and is absent in other myeloid cells. Fascin-1 is essential for the formation of IS [34, 35] . The accumulation of Fascin-1 at the contact of Treg cell-engaged DCs inhibits the synapse formation between DCs and antigen-specific T conv cells [25] . Overexpression of Fascin-1 in DCs reverses this inhibition [25] .
Immunosuppressors could inhibit the polarization of cytoskeletal proteins in DCs. For example, soluble CD83 (sCD83) is a soluble molecule of the extracellular domain of the membrane-bound CD83 (mCD83), which is a molecular marker for mature DC. sCD83 can induce DCs tolerance and reduce the expression levels of CD40, CD80 and CD83 on DCs to alter their maturation [36] . Increasing evidences have demonstrated that sCD83 can dramatically change the morphological state of DCs by regulating F-actin organization and the distribution of Fascin-1 on DC [14] . This change may influence the function of DCs. Additionally, interlukin-10 (IL-10) that acts as an immunosuppressor, has been identified as a major cytokine to induce immune-tolerance in the immune response. The effects of IL-10 on the biophysical characteristics of DCs have been described to affect the cytoskeleton (F-actin) of mature DCs, and could affect the expression of Fascin1 and Profilin1, as well as the phosphorylation of the protein Cofilin1 in a concentration-dependent fashion. Moreover, IL-10 made the status of gene transcription and metabolic turnover of mature DCs more active [37] .
In addition, the cell division cycle 42 (Cdc42) proteins, a member of the Rho guanosine triphosphatase family, has been shown to regulate the actin organization, cell migration, and proliferation. Cdc42 control of actin dynamics inhibits the secretion of the intracellular molecules to the cell surface and prevents a large amount of invariant chainmajor histocompatibility complex (MHC) class II complexes to express at DCs surface. This retains DCs in an immature state, and cessation of Cdc42 activity during DC maturation facilitates secretion as well as rapid up-regulation of intracellular molecules to the cell surface3. Thus, regulating of the F-actin in DCs could affect the function of DCs.
The new DCs regulators, notably the specific regulator for the cytoskeleton of DCs are expected to be investigated in future studies.
The Role of F-actin of DCs in Viral Infection
DCs play a key role in host defense, linking innate detection of microbes to the activation of pathogen-specific adaptive immune responses [38] . They are considered to be the first line of defense against infection and play a critical role in the regulation of early viral infection. During early events of viral infection, the viral invasion activates natural immune signalling pathway, thereby activating DCs. DCs capture viral particles and present them to T and B cells to induce immune responses. Recent reports have confirmed that the infection of virus directly and/or indirectly alters the aggregation of the cytoskeletal proteins, resulting in a beneficial "switch" of the activation of DCs towards viral infection ( Figure 1B ).
Human Immunodeficiency Virus (HIV) is the most frequently reported virus, which can destroy the cytoskeletal proteins of the immune cells and attack the immune system. HIV recognizes its receptors expressed on DCs, such as DC-specific ICAM-3-grabbing nonintegin (DC-SIGN), mannose receptor (MR) and Langerin. And then, the virions are internalized and are presented to T-cells. Following engagement of DC-SIGN by HIV, a cascade that involves Src kinase proteins, Cdc42, Pak1, and wasp is activated to enhance the formation of actin-rich sheet-like membrane extensions that facilitate HIV transfer to CD4+T cells. Such membrane extensions depend on Cdc42, which regulates actin organization [39] .
Although DCs express cell surface receptors for the entry of HIV-1 to the cells, they undergo very limited productive infection as a result of host cell restriction factors. Nevertheless, HIV exploits DCs to infect CD4+T cells rapidly and efficiently via trans-enhancement. This hypothesis was recently supported by in vivo evidence in humanized mice [40] . By localizing to the surface of actin-rich filopodia-like structures of DCs, HIV-1 may increase its likelihood of encountering CD4+T cells [41] [42] [43] . However, actin nucleation and an intact cortical actin cytoskeleton are required to maintain HIV-1 association with dendrites and prevent the engulfment of the virus in macropinocytic vesicles [44] .
Besides of HIV, there are other kinds of viruses have been reported to affect actin cytoskeleton rearrangements of immune cells in a direct and/or indirect manner. Kaposi's sarcoma-associated herpesvirus (KSHV) is a γ-herpesvirus that is highlighted as the causative agent of Kaposi's sarcoma (KS) and primary effusion lymphoma (PEL). Previous studies have shown that KSHV infects fibroblasts via clathrin-mediated endocytosis, and that microtubules are required for the trafficking of viral particles and not for virus internalization [45, 46] . In addition, KSHV entry induces RhoA GTPase expression and rearrangements of both microtubules and the actin cytoskeleton in fibroblasts [47] . RhoA GTPase is required for viral entry in HEK293 cells [48] and for the association of the viral particles with the microtubules in dermal microvascular cells (DMVEC) [49] . Plasmacytoid DCs (pDCs) are a part of the inflammatory host response cell in KSHV [50] , but the role of actin cytoskeleton in DCs for KSHV infection remains unclear. Additionally, Epstein-Barr virus (EBV) enters in DCs by DC-SIGN. However the mechanism of the entry of EBV into DCs and the regulation of movement of DCs by cytoskeletal proteins has not been fully elucidated.
Conclusion
DC is an important cell that encounters and captures the antigens to provide the first defense of the immune system. Cytoskeletal proteins are essential for the maintenance of the morphology and function of DCs. The regulation of cytoskeletal proteins that are notably found in DCs can affect the function of the cells. Certain viruses can infect DCs by recognizing their receptors. Subsequently, they induce the rearrangement of the actin cytoskeleton and/or bind with cytoskeletal proteins to influence the function of DCs. The investigation of the target of cytoskeletal proteins would be beneficial in suppressing viral infection and dissemination. A potential therapeutic strategy is identified that can intervene with the specific cytoskeletal components of DCs in order to achieve disease treatment.
